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Abstract
The World Trade Center (WTC) disaster released large amounts of various chemical substances 
into the environment, including perfluoroalkyl substances (PFASs). Yet, no studies have examined 
exposures in children living or attending schools near the disaster site. We measured serum PFASs 
in WTC Health Registry (WTCHR) respondents who were ≤8 years of age on September 11, 2001 
and a sociodemographically-matched comparison group. We also examined the relationship of 
PFASs levels with dust cloud exposure; home dust exposure, and with traumatic exposure, the 
latter to take into account differences related to possible mental health consequences and 
associated behavioral problems. Serum samples, collected between 2014 and 2016, were analyzed 
from 123 WTCHR participants and from 185 participants in the comparison group. In the 
WTCHR group, median perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) 
levels were 1.81 ng/mL and 3.72 ng/mL, respectively. Controlling for sex, caloric intake, race/
ethnicity, and date of birth, significant increases among WTCHR participants compared with the 
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matched comparison group were detected for perfluorohexanesulfonate (0.23 ng/mL increase or 
0.24 log unit increase, p=0.006); PFOS (0.86 ng/mL increase or 0.16 log unit increase, p=0.011); 
PFOA (0.35 ng/mL increase or 0.18 log unit increase, p<0.001); perfluorononanoic acid (0.12 
ng/mL increase or 0.17 log unit increase, p=0.003); perfluorodecanoic acid (0.06 ng/mL increase 
or 0.42 log unit increase, p<0.001); and perfluoroundecanoic acid (0.03 ng/mL increase or 0.32 
log unit increase, p=0.019). Stronger associations were identified for home dust exposures and 
traumatic exposures than dust cloud. These findings highlight the importance of conducting 
longitudinal studies in this population to assess possible cardiometabolic and renal consequences 
related to these exposures.
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1. Introduction
The World Trade Center (WTC) disaster released large amounts of particulate matter, heavy 
metals and persistent organic pollutants (POP). 1 Among various POPs, elevated exposure to 
perfluoroalkyl substances (PFASs) in personnel responding to the WTC disaster site has 
been reported among New York State employees and National Guard personnel 5–26 
months after the disaster,2 with a twofold higher concentration of PFOA (mean 8.88 ng/mL) 
and perfluorohexanesulfonate (PFHxS, mean 3.70 ng/mL) compared to nationally 
representative samples (4.6 and 1.9 ng/mL, respectively).2 In addition to acute dust cloud 
exposures,l-ocal residents experienced significant subchronic exposures from fires and 
resuspended dust, which entered homes and schools through windows and air shafts.3 
Furthermore, a particular concern remains regarding combustion products released by fires 
burning for more than 3 months after the event.1
PFASs are used as surfactants and stain-resistant coatings on many products, including 
upholstery, carpet, nonstick cookware,4, 5 and building and construction material.6 In 
addition, PFASs are also found in firefighting material used for fire suppression.7 Since the 
disaster, laboratory studies have identified PFASs to disrupt metabolic, cardiovascular and 
renal functions. PFASs interact with alpha- and gamma-peroxisome proliferator activated 
receptors, which play key roles in lipid and carbohydrate metabolism.8 In cell culture studies 
using the 3T3-L1 preadipocyte system, several PFASs altered gene expression associated 
with adipocyte differentiation and lipid metabolism,9 and developmental PFAS exposures in 
mice have resulted in increased leptin and insulin levels in midlife.10 Microvascular 
endothelial cell culture studies have shown that PFAS exposure increases reactive oxidative 
species and induces endothelial permeability,11 which plays a critical role in ischemic renal 
injury.12 While not all results from experimental studies have been confirmed in humans, 
some important effects have been reported in human studies. A positive association has been 
detected between concentrations of perfluorooctanesulfonic acid (PFOS), perfluorooctanoic 
acid (PFOA) and perfluorononanoic acid (PFNA), and total and non-high-density cholesterol 
inNational Health and Nutrition Examination Survey (NHANES) participants aged 20–80 
years, despite the relatively low level of exposure. 13 In adolescents, PFOA and PFOS have 
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been found to be significantly associated with dyslipidemia. 14 PFOS and PFNA 
concentrations have also been shown to be associated with lower levels of insulin growth 
factor-1 (IGF-1) in children and,15 among 12–19 year olds in NHANES 2003–2010, those 
with the highest quartile of serum PFC had significantly lower renal glomerular function 
compared to those in the lowest quartile,16 although the possibility of reverse causation 
cannot be excluded in this cross-sectional study.
A particular concern about early life WTC-related chemical exposure is that childhood 
represents a uniquely susceptible period for developmental metabolic programming, which 
can result in adverse health consequences in later life. A previous study examining a 
population of children with clinical concerns relating to the WTC disaster identified 
reductions in high density lipoprotein (HDL) and elevations in triglycerides among those 
with (subchronic) home dust exposure, although in this study no specific chemical 
compounds were examined.17 To further examine the plausible role of specific chemical 
exposures that could potentially contribute to cardiometabolic alterations in exposed 
children, we compared serum PFAS levels in a sample of WTC-exposed children with levels 
in a matched comparison group, and to examine the relationship of serum PFAS levels with 
dust cloud (acute), home dust (subchronic), and traumatic exposures.
2. Methods
2.1 Population
The study population consisted of: (1) a cohort of New York City residents enrolled in the 
World Trade Center Health Registry (WTCHR) with dates of birth on or between September 
11, 1993 and September 10, 2001 and (2) a comparison cohort of individuals born during the 
same time period, who were ineligible for enrollment in the WTCHR because they either did 
not reside south of Canal Street, did not attend school south of Canal Street, and were not 
present south of Canal Street on the morning of 9/11.18
To enroll members of the WTCHR cohort in the present study, WTCHR staff of the New 
York City Department of Health (NYCDOHMH) who were fluent in English, Spanish, 
Mandarin, or Cantonese attempted contacts by mail, email, phone and in-person visits. Both 
a hard-copy letter and brochure describing the study were mailed to each potential 
participant. Two weeks after the mailing, phone calls were initiated to individuals who had 
not responded to the mailed invitation to participate. Calls were made to all known telephone 
numbers, and calls were attempted at different hours of the day and evening, and on different 
days of the week. Emails were sent to potential participants who did not respond to mail or 
telephone contacts. If there was no response to emails, then Lexis-Nexis (RELX Group: 
New York City, NY) search tools were used to identify new contact information. If new 
contact information was identified, then telephone and/or email contact were reinitiated. If 
no new contact information was obtained from tracing, two WTCHR staff members 
attempted a home visit to the last known place of residence. In all methods of contact, 
WTCHR staff described the study and invited individuals to call the WTCHR or NYU 
School of Medicine staff to further discuss study details and make an appointment. For 
participants less than 18 years of age a parent or guardian was required to schedule an 
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appointment and be available and present to authorize participation on the scheduled visit 
date.
For our comparison group, we recruited individuals who were not eligible for enrollment in 
the WTCHR. To maximize comparability between the two study populations we developed a 
table of the desired frequencies of controls by date of birth (0–2, 3–5 or ≥6 years-old on 
9/11/2001), sex, race (White, African-American, Asian, other), ethnicity (Hispanic, non-
Hispanic) and income (<$25,000, ≥$25,000), assuming that the enrolled group of WTCHR 
participants would reflect participants in the WTCHR’s most recent (2011–12) survey cycle. 
Three modes of recruitment were employed to recruit the frequency-matched comparison 
group: (1) well visits at pediatric clinics affiliated with NYU School of Medicine; (2) contact 
through health fairs, youth organizations, and postings in areas where youth congregate, 
posting and advertisements at local colleges; and (3) social media outreach by West Coast 
Clinical Trials (WCCT) Global, a contract research organization. Participants’ eligibility and 
ability to fill slots in the frequency-matching table were assessed using a screening 
questionnaire, which staff conducted over the phone or in person. Individuals were excluded 
from the present study as matched comparisons if they would have qualified for WTCHR 
enrollment because of place of residence or school, or having been in the vicinity of the 
WTC towers on 9/11/2001.
The study was reviewed and approved by the NYU School of Medicine Institutional Review 
Board, as well as research committees at Bellevue and Gouverneur Hospital Centers. The 
NYCDOHMH Institutional Review Board identified this study not to involve human subject 
activity by NYCDOHMH staff. In addition to parental consent on behalf of minors, assent 
was obtained from adolescents prior to initiation of the study procedures. A Certificate of 
Confidentiality was obtained to protect participant privacy. The study was approved by New 
York State Department of Health (NYSDOH) for the analysis of serum samples.
2.2 Sociodemographic and Exposure Variables
Demographic variables such as age, sex, race/ethnicity and family annual income 
(categorized as <$25,000 or ≥$25,000) were documented for each participant. Age groups 
were categorized as 0–2, 3–5 or ≥6 years old on 9/11/2001. Dust cloud (acute) and home 
dust (subchronic) exposure information was collected from both study participants and 
parent/guardian, if applicable. Dust cloud exposure was assessed categorically as present or 
absent with the question: “Were you caught in the WTC dust or debris cloud in the morning 
after the buildings collapsed on 9/11?” Home dust (subchronic) exposure was assessed 
categorically as present or absent with the question: “In the year after 9/11/01, did you live 
in an apartment or home in which WTC dust was visible on surfaces at any time, even if 
only briefly?” A positive response from either child or parent/guardian was used to indicate 
exposure.
In addition to dust exposure, psychosocially traumatic exposure was evaluated using an 
eight-item questionnaire developed by Hoven et al.19 Presence of traumatic exposure was 
determined by a positive response to any of the following seven items either by parent or 
child: sight of either tower collapse, sight of injured people, sight of dead bodies, sight of 
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people falling out of buildings, physical injury to self, need to depart home/work for safety, 
and worry about safety of a loved one.
2.3 Anthropometric Measures & Dietary Data
We measured weight and height using calibrated stadiometers (Shorr Productions, Olney, 
MD) and scales (Seca model 881; Seca Corp., Hanover, MD), and calculated BMI as kg/m2. 
Although current evidence indicates that dietary exposure to PFASs is highly unlikely to 
exceed health-based guidance values, 20 we decided to collect dietary data in recognition of 
diet as a possible source of exposure and differences between the two groups. Participants 
completed a web-based version of the Diet History Questionnaire II (DHQ II), which is a 
publicly available food frequency questionnaire (FFQ) developed by the National Cancer 
Institute. Of the four versions of the DHQ, participants completed the version that asks about 
diet in the past month, with portion size, which permits accurate and valid collection of 
caloric intake. The DHQ II benefits from validation in previous studies based upon an earlier 
version, confirming that it provides as good as or superior to the Willett and Block FFQs 
instruments for most nutrients.21
2.4 Serum Collection and Processing
Samples were collected from February 20, 2014 to March 21, 2016, and study visits were 
scheduled to occur after at least six hours of fasting. Following informed consent, blood, 
saliva, and urine samples were collected. Venipuncture collected 28.5 ml of which 15 mL 
was used to obtain serum. Serum was not obtained if participants chose to opt out of 
venipuncture. After collection, samples were immediately placed in cool storage and 
processed within three hours of collection time. Processed samples were then stored at 
−80°C until further analysis.
2.5 Measurement of PFASs
Eleven PFASs were measured in serum using a solid phase extraction (SPE) procedure and 
high-performance liquid chromatograph interfaced with an electrospray tandem mass 
spectrometer, using the methods similar to those described elsewhere.22, 23 Internal 
standards for 13 C-labeled PFASs were added into serum samples prior to the addition of 
reagents for extraction.24 Solvents, blood collection tubes, and method blanks (blinded to the 
laboratory) were tested for the presence of the PFASs. Target chemicals were not found in 
procedural blanks at concentrations above the limits of detection (LODs). The LODs of 
target chemicals ranged from 0.02 to 0.07 ng/mL. A standard reference material from the 
National Institute of Standards and Technology (NIST) was analyzed with every batch of 50 
samples and recoveries of target chemicals were between 90 and 115% of the certified 
values. Recoveries of target chemicals passed through the entire analytical procedure ranged 
between 100 and 124%. Quantification was by isotope dilution and target chemicals were 
monitored by multiple reaction monitoring mode under negative ionization. The following 
PFASs were measured: PFHxS; n-methyl perfluorooctanesulfonamido acetic acid (N-
meFOSAA); perfluorooctane sulfonamide (PFOSA); PFOS; perfluorodecanesulfonate 
(PFDS); perfluoroheptanoic acid (PFHpA); PFOA; perfluorononanoic acid (PFNA); 
perfluorodecanoic acid (PFDA); perfluoroundecanoic (PFUnDA); and perfluorododecanoic 
acid (PFDoDA).
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We conducted descriptive, univariate, and multivariate analyses with R Statistical Software 
(version 3.3.1). Chi-square testing was used to compare the two cohorts by 
sociodemographic and exposure variables. Caloric intake and serum PFASs were not 
normally distributed and therefore were compared between the two groups using the 
Wilcoxon Rank Sum test. PFAS concentrations were log-transformed to account for skewed 
distribution; following published practices, levels less than the LOD were imputed to be 
LOD/√2,16 and we limited our statistical analyses to PFASs detected in ≥50% of the 
samples. Chi-square analyses also compared sociodemographic variables between WTCHR 
participants who were recruited for this study and WTCHR participants who were not.
Univariate analyses compared serum PFASs between WTCHR participants and matched 
comparisons, as well as by exposure variables. Correlation coefficients were also calculated 
for the three exposure variables. To avoid multicollinearity, separate multivariate models 
examined study arm; dust cloud; home dust; and traumatic exposures. All the multivariate 
regressions analyses controlled for: sex; race/ethnicity (White, African American, Asian, 
Other and Hispanic); age on September 11, 2001; and caloric intake (recognizing that diet 
can be a source of PFAS exposure).25, 26 Variables were added to multivariate models if 
significant differences were identified between the two comparison groups at p<0.1.
2.7 Sensitivity Analysis
Since very young participants on the day of WTC attacks may have had limited recall of 
their actual exposures, sensitivity analyses were conducted to correct for potential recall 
bias. The sensitivity analyses considered results in which the child’s age was <3 years old on 
9/11/2001 as the cutoff for inclusion of child-reported exposures. We also performed a 
complete case analysis, excluding participants with missing income, and missing self-report 
of home dust, dust cloud or traumatic exposures.
3. Results
Participant flow diagrams for the WTCHR group and matched comparison are presented in 
the Appendix (Figures 1 and 2, respectively). Of the 222 matched comparisons, 185 (83.3%) 
provided serum for measurement of PFAS levels, while these were performed in 123 
(68.3%) of the 180 WTCHR participants. Serum was not obtained if participants chose to 
opt out of venipuncture. Figure 1A and 1B shows boxplots of PFASs by exposure group and 
compares WTCHR participants to matched comparisons.
Comparisons were more likely to be female (p=0.01) and Hispanic, and less likely to be 
Asian (p=0.04) than WTCHR participants (Table 1). Caloric intake was also greater 
(p=0.008) in WTCHR than comparisons, supporting inclusion of caloric intake within 
multivariate models. Median caloric intake was more likely to be higher (p=0.008) in the 
WTCHR population (1709 calories) than the comparison group (1537 calories). Median 
PFOA (1.81 ng/mL) and PFOS (3.72 ng/mL) in the WTCHR group were approximately 2-
fold less than the median identified among 12–19 year olds participating in the 2009–10 
National Health and Nutrition Examination Survey (NHANES; 2.9 ng/mL for PFOA and 6.9 
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ng/mL for PFOS).27 Six PFASs were detected in ≥50% of samples. No significant 
differences were detected between the two groups in terms of BMI category. (p=0.39). 
Despite our exclusion criteria, WTC exposures were also identified in the comparison group: 
0.5% to dust cloud; 8.1% to home dust; and 43.2% for traumatic exposures. WTCHR 
participants were more Hispanic and less Asian (p=0.053) than the total eligible population 
of the WTCHR children (Appendix Table 1). WTCHR participants in our study were also 
more likely to have an annual income ≥$25,000 (p=0.0002) than nonparticipants eligible on 
the basis of WTCHR participation.
Univariate analyses revealed differences by study group for multiple PFASs. Belonging to 
the WTCHR group was associated with significantly higher levels of PFHxS (1.41% 
increase or 0.34 log unit increase, p<0.001); PFOS (1.31% increase or 0.27 log unit increase, 
p<0.001); PFOA (1.24% increase or 0.22 log unit increase, p<0.001); PFNA (1.25% 
increase or 0.22 log unit increase, p<0.001); PFDA (1.52% increase or 0.54 log unit 
increase, p<0.001); and PFUnDA (1.37% increase or 0.416 log unit increase, p=0.003) than 
participants in the comparison group (Table 2 and 3, univariate analyses). Univariate 
analyses also identified stronger associations of higher serum PFASs levels with subchronic, 
home dust exposure, than with acute, dust cloud exposure. Dust cloud exposure was 
significantly associated only with PFDA (1.61% increase or 0.47 log unit increase, p=0.005) 
and PFOA (1.15% increase or 0.14 log unit increase, p=0.037) levels. In contrast, home dust 
exposure and traumatic exposure were associated with PFOS, PFHxS, PFOA, and PFNA 
with increments similar to those found in association with WTCHR participation (Table 2 
and 3, univariate analyses).
Moderate correlation was identified for all three-self-reported exposure variables (Appendix 
Table 2), supporting their separate examination in multivariate models. In these models we 
controlled for sex, caloric intake, race/ethnicity and date of birth group, and we detected 
significant increases among WTCHR participants compared with the matched comparison 
group (Table 2 and 3, multivariate analyses) for PFHxS (0.23 ng/mL increase or 0.24 log 
unit increase, p=0.006); PFOS (0.86 ng/mL increase or 0.16 log unit increase, p=0.011); 
PFOA (0.35 ng/mL increase or 0.18 log unit increase, p<0.001); PFNA (0.12 ng/mL 
increase or 0.17 log unit increase, p=0.003); PFDA (0.06 ng/mL increase or 0.42 log unit 
increase, p<0.001); and PFUnDA (0.03 ng/mL increase or 0.32 log unit increase, p=0.019). 
Multivariate models using self-reported exposures identified stronger associations between 
subchronic, home dust exposure with serum PFASs than with acute, dust cloud exposure. 
Dust cloud exposure was significantly associated only with PFDA (0.05 ng/mL increase or 
0.51 log unit increase, p=0.001) and PFOA (0.24 ng/mL or 0.13 log unit increase, p=0.046). 
In contrast, home dust exposure was associated with PFOS, PFHxS, PFOA, PFNA, and 
PFDA with increments similar to those found by WTCHR participation. Multivariate 
analysis identified associations of traumatic exposures with PFOS, PFHxS, PFOA, PFNA, 
and PFUnDA (Table 2 and 3, multivariate analysis).
The sensitivity analyses revealed persistence of statistical significance for most associations 
of exposures with PFASs in the complete case analysis. Only the association of acute, dust 
cloud with PFOA (0.119 log unit increase, p=0.075; Appendix Table 3) and the associations 
of PFNA (0.11 log unit increase, p=0.13) and PFDA (0.22 log unit increase, p=0.13) with 
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subchronic home dust exposure attenuated in the complete analysis. The association of 
PFNA with traumatic exposures also attenuated to p=0.089 (0.116 log unit increase).
Sensitivity analysis that excluded reports of children who were <3 years old on September 
11, 2001 revealed the same set of significant associations with dust cloud, WTCHR cohort, 
and traumatic exposure (Appendix Table 4). Significant associations also persisted for home 
dust, except for PFDA (0.22 log unit increase, p=0.085).
4. Discussion
In this study we detected an increase in serum PFASs among children exposed to the WTC 
disaster at <8 years of age and participating in the WTCHR compared to a 
sociodemographically matched group. The increases were concentrated among those who 
reported subchronic home dust exposure, traumatic exposures, and who were specifically a 
part of the WTCHR. The potential health implications of these results warrants further 
investigation and raise possible concerns about cardiometabolic outcomes among youth who 
were exposed in childhood.
Experimental studies have shown that PFASs activate alpha- and gamma-peroxisome 
proliferator activated receptors, 8–10 which play key roles in lipid and carbohydrate 
metabolism, providing biological plausibility for PFAS-induced childhood obesity and 
insulin resistance. A human study in children and adolescents has reported cardiometabolic 
and renal effects of childhood PFASs exposure.28 Furthermore, PFASs have been associated 
with increases in serum uric acid in children ages 12–19 years enrolled in NHANES, and 
have been linked to reduced kidney function in children. 16 In addition, it has been reported 
that PFOS and PFNA concentrations were associated with lower levels of IGF-1 in 
children, 15 which, in turn, have been associated with metabolic syndrome29 and increased 
risk of cardiovascular events in later life. 30
We identified associations of traumatic exposures with PFOS, PFHxS, PFOA, PFNA, and 
PFUnDA, most likely reflecting proximity to the disaster site on September 11th and/or the 
following months. Current evidence indicates that traumatic exposure followed by post-
traumatic stress disorder (PTSD) is associated with increased allostatic load resulting in 
significant physical and psychological morbidity. 31 PTSD has been associated with 
unhealthy behaviors such as increased alcohol use, smoking, increased caloric intake,32 and 
with higher BMI and metabolic syndrome, 33 as well as new-onset diabetes in a WTC-
exposed cohort. 34 It is therefore possible that the effects of traumatic exposures and higher 
concentrations of PFASs could act synergistically to increase cardiometabolic risk in this 
population.
Overall, identification of subpopulations vulnerable to WTC-associated cardiovascular 
effects could facilitate proactive interventions such as diet and lifestyle changes and, if 
necessary, treatment with antihypertensive medications which have been documented to 
prolong survival among adults with suboptimal cardiovascular profile.
Strengths of this study include: comparison of a group known to experience dust and 
traumatic exposures related to the disaster with a sociodemographically matched group; 
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valid and reliable biomonitoring methods; control for potential confounders; and evaluation 
of exposure by multiple methods including questionnaires of parent/guardian and child. 
Given that half-lives of PFASs range from 4–8 years35 the detection of differences is striking 
and suggests even higher levels in exposed children in relation to the disaster. Comparison to 
the most recent naturally representative data from the 2009–10 National Health and 
Nutrition Examination Survey requires some care in that our sample (recruited between 
2014 and 2015) is also likely to have been influenced by secular decreases which have been 
identified since 2009–10 given the recent phase out of multiple long-chain PFASs.36, 37
Although the WTCHR did collect multiple waves of exposure and health data by 
questionnaire, biospecimens from an earlier time point are not available. Given the long (12–
14 year) time period between the disaster and study visits, we cannot rule out another source 
of exposure that would have otherwise explained the observed differences. Indeed, even 
though the comparison group had lower medians for all 6 PFASs compared to the WTCHR 
group (Table 1) we cannot exclude that individuals in the comparison group were also 
exposed to the dust cloud, or to home dust, although to a lesser extent. In addition, urban 
areas are recognized sources of PFASs to the environment, with PFOA identified as the 
predominant compound, accounting for >35% of the total PFAS concentrations, in all 
environmental matrices analyzed, 38 and we assume that these background levels of 
exposure can account for the levels detected in the comparison group. We also note the sex 
differences in our two samples, as well as the racial/ethnic differences, which were driven in 
disproportionate recruitment of non-Hispanic Asians for the WCTHR.
Other WTC chemical exposures have been previously examined in pregnant women. While 
these studies failed to detect differences in blood mercury39 and polybrominated diphenyl 
ethers (PBDEs) among women living/working near the site, it should be noted that women 
in their second half of pregnancy on September 11, 2001 did have children with higher cord 
blood PBDE levels.40 The unique relevance of our findings with those identified for PFASs 
could relate to differences in age of the study population, as persistent organic pollutants 
(POP) are known to accumulate over the lifespan,41 resulting in greater baseline serum 
PBDEs before September 11, 2001 over which increments in PBDEs may have been more 
difficult to detect. Broader examinations of POPs in children are indicated, especially to 
dioxins, which have longer half-lives, 42 and are known to have been emitted in the wake of 
the disaster.43
Our findings also raise further questions about perinatally-acquired PFAS exposures 
resulting from the disaster, and potential consequences for adverse birth outcomes and later 
life cardiometabolic and renal dysfunction. PFOA levels in pregnant women have been 
related to increases in pregnancy-induced hypertension44 and infants in the Norwegian 
Mother and Child Cohort study born with higher levels of PFASs were found to have 
slightly lower birth weight than those exposed to lower levels.45 Another study identified 
lower weights among Danish infants exposed highly-exposed to PFASs in utero at ages 5 
and 12 months compared to less exposed children, in a sex-dependent pattern.46
In conclusion, serum PFASs in this study were found to be higher in children enrolled in the 
WTCHR compared with levels detected in a matched comparison group of NYC residents. 
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Serum PFAS were also found to be higher in association with subchronic home dust 
exposures and traumatic exposures. These findings highlight the importance of conducting 




This research was supported by the Centers for Disease Control and Prevention/National Institute of Occupational 
Safety and Health, through cooperative agreements U01OH01394 and U01OH01714.
The authors are grateful to staff and co-investigators, including: Jenny Lee, Hannah Wilson, Natasha Chiofalo, 
Rachel Simhon, Michael Ferro, Alice Trye, Kenneth Berger, Roberta Goldring, Howard Trachtman, Mikhail 
Kazachkov, Bret Rudy, Michael Marmor, Esther Pomares, Nomi Levy-Carrick, Robert Giusti, Claude Chemtob, 
Amy DiBernardo, Kun Wang, Angela Nguyen, Shengchao Yu, Sukhminder Osahan, Mark Farfel, Steve Stellman, 
Sean Locke, Karl Brosch and Elaine Urbina. The authors also wish to thank volunteers who supported the study, 
including: Nafisa Chowdhury, Frank Yuan, Eren Cetlin, Jlateh Jappah, Hannah Bava, Bomi Park, Angel Chen, Janki 
Jethalal, Carolena Rojas Marcos, Amy Lei, Peng Di, Christina Awada, Yunran Zhang, Shirui Zou, Paridi Bhargava, 
Jeffrey Chen, Chloe Chan, Megan Wong, Hongjie Li, David Lin, Maureen Miller, Rosy Thapa, Sana Khan, Stanley 
Zhou, Natasha Nazir, Jasmine Rayner, Margaret Lee, and Paramesh Karandikar.
Abbreviations
BMI Body Mass Index
HDL High-density lipoprotein
LODs Limits of Detection
N-MeFOSAAN-methylperfluoro-1-octanesulfonamidoacetic acid
N-meFOSAAN-methyl perfluorooctanesulfonamido acetic acid
NYSDOH New York State Department of Health











Trasande et al. Page 10














WTC World Trade Center
WTCHR WTC Health Registry
References
1. Landrigan PJ, Lioy PJ, Thurston G, Berkowitz G, Chen LC, Chillrud SN, Gavett SH, Georgopoulos 
PG, Geyh AS, Levin S, Perera F, Rappaport SM, Small C. Health and environmental consequences 
of the world trade center disaster. Environmental Health Perspectives. 2004; 112(6):731–9. 
[PubMed: 15121517] 
2. Tao L, Kannan K, Aldous KM, Mauer MP, Eadon GA. Biomonitoring of perfluorochemicals in 
plasma of New York State personnel responding to the World Trade Center disaster. Environ Sci 
Technol. 2008; 42(9):3472–8. [PubMed: 18522136] 
3. Friedman SM, Maslow CB, Reibman J, Pillai PS, Goldring RM, Farfel MR, Stellman SD, Berger 
KI. Case-Control Study of Lung Function in World Trade Center Health Registry Area Residents 
and Workers. Am J Respir Crit Care Med. 2011:201011-1909OC.
4. Kotthoff M, Muller J, Jurling H, Schlummer M, Fiedler D. Perfluoroalkyl and polyfluoroalkyl 
substances in consumer products. Environ Sci Pollut Res Int. 2015; 22(19):14546–59. [PubMed: 
25854201] 
5. Trier X, Granby K, Christensen JH. Polyfluorinated surfactants (PFS) in paper and board coatings 
for food packaging. Environ Sci Pollut Res Int. 2011; 18(7):1108–20. [PubMed: 21327544] 
6. Becanova J, Melymuk L, Vojta S, Komprdova K, Klanova J. Screening for perfluoroalkyl acids in 
consumer products, building materials and wastes. Chemosphere. 2016; 164:322–329. [PubMed: 
27592321] 
7. Moody CA, Field JA. Perfluorinated surfactants and the environmental implications of their use in 
fire-fighting foams. Environmental Science and Technology. 2000; 34(18):3864–3870.
8. Zhang L, Ren XM, Wan B, Guo LH. Structure-dependent binding and activation of perfluorinated 
compounds on human peroxisome proliferator-activated receptor gamma. Toxicol Appl Pharmacol. 
2014; 279(3):275–83. [PubMed: 24998974] 
9. Watkins AM, Wood CR, Lin MT, Abbott BD. The effects of perfluorinated chemicals on adipocyte 
differentiation in vitro. Molecular and Cellular Endocrinology. 2015; 400:90–101. [PubMed: 
25448844] 
10. Hines EP, White SS, Stanko JP, Gibbs-Flournoy EA, Lau C, Fenton SE. Phenotypic dichotomy 
following developmental exposure to perfluorooctanoic acid (PFOA) in female CD-1 mice: Low 
doses induce elevated serum leptin and insulin, and overweight in mid-life. Molecular and Cellular 
Endocrinology. 2009; 304(1–2):97–105. [PubMed: 19433254] 
11. Qian Y, Ducatman A, Ward R, Leonard S, Bukowski V, Lan Guo N, Shi X, Vallyathan V, 
Castranova V. Perfluorooctane sulfonate (PFOS) induces reactive oxygen species (ROS) 
production in human microvascular endothelial cells: role in endothelial permeability. Journal of 
Toxicology and Environmental Health, Part A. 2010; 73(12):819–836. [PubMed: 20391123] 
12. Sutton TA, Mang HE, Campos SB, Sandoval RM, Yoder MC, Molitoris BA. Injury of the renal 
microvascular endothelium alters barrier function after ischemia. American Journal of Physiology 
- Renal Physiology. 2003; 285(2):F191–F198. [PubMed: 12684225] 
13. Nelson JW, Hatch EE, Webster TF. Exposure to Polyfluoroalkyl Chemicals and Cholesterol, Body 
Weight, and Insulin Resistance in the General U.S.Population. Environ Health Perspect. 2009; 
118(2)
14. Geiger SD, Xiao J, Ducatman A, Frisbee S, Innes K, Shankar A. The association between PFOA, 
PFOS and serum lipid levels in adolescents. Chemosphere. 2014; 98:78–83. [PubMed: 24238303] 
15. Lopez-Espinosa MJ, Mondal D, Armstrong BG, Eskenazi B, Fletcher T. Perfluoroalkyl Substances, 
Sex Hormones, and Insulin-like Growth Factor-1 at 6–9 Years of Age: A Cross-Sectional Analysis 
within the C8 Health Project. Environ Health Perspect. 2016; 124(8):1269–75. [PubMed: 
26794451] 
Trasande et al. Page 11













16. Kataria A, Trachtman H, Malaga-Dieguez L, Trasande L. Association between perfluoroalkyl acids 
and kidney function in a cross-sectional study of adolescents. Environ Health. 2015; 14:89. 
[PubMed: 26590127] 
17. Trasande L, Fiorino EK, Attina T, Berger K, Goldring R, Chemtob C, Levy-Carrick N, Shao Y, Liu 
M, Urbina E, Reibman J. Associations of World Trade Center exposures with pulmonary and 
cardiometabolic outcomes among children seeking care for health concerns. Sci Total Environ. 
2013; 444:320–6. [PubMed: 23280289] 
18. Friedman SM, Maslow CB, Reibman J, Pillai PS, Goldring RM, Farfel MR, Stellman SD, Berger 
KI. Case-control study of lung function in World Trade Center Health Registry area residents and 
workers. Am J Respir Crit Care Med. 2011; 184(5):582–9. [PubMed: 21642248] 
19. Comer JS, Fan B, Duarte CS, Wu P, Musa GJ, Mandell DJ, Albano AM, Hoven CW. Attack-related 
life disruption and child psychopathology in New York City public schoolchildren 6-months 
post-9/11. J Clin Child Adolesc Psychol. 2010; 39(4):460–9. [PubMed: 20589558] 
20. European Food Safety Authority. Perfluoroalkylated substances in food: occurrence and dietary 
exposure. EFSA Journal. 2012; 10(6):2743.
21. Rockett HR, Breitenbach M, Frazier AL, Witschi J, Wolf AM, Field AE, Colditz GA. Validation of 
a youth/adolescent food frequency questionnaire. Prev Med. 1997; 26(6):808–16. [PubMed: 
9388792] 
22. Kannan K, Corsolini S, Falandysz J, Fillmann G, Kumar KS, Loganathan BG, Mohd MA, Olivero 
J, Van Wouwe N, Yang JH, Aldoust KM. Perfluorooctanesulfonate and related fluorochemicals in 
human blood from several countries. Environ Sci Technol. 2004; 38(17):4489–95. [PubMed: 
15461154] 
23. Taniyasu S, Kannan K, So MK, Gulkowska A, Sinclair E, Okazawa T, Yamashita N. Analysis of 
fluorotelomer alcohols, fluorotelomer acids, and short- and long-chain perfluorinated acids in 
water and biota. J Chromatogr A. 2005; 1093(1–2):89–97. [PubMed: 16233874] 
24. Sakr CJ, Kreckmann KH, Green JW, Gillies PJ, Reynolds JL, Leonard RC. Cross-sectional study 
of lipids and liver enzymes related to a serum biomarker of exposure (ammonium 
perfluorooctanoate or APFO) as part of a general health survey in a cohort of occupationally 
exposed workers. J Occup Environ Med. 2007; 49(10):1086–96. [PubMed: 18000414] 
25. Domingo JL. Health risks of dietary exposure to perfluorinated compounds. Environ Int. 2012; 
40:187–95. [PubMed: 21864910] 
26. Tittlemier SA, Pepper K, Seymour C, Moisey J, Bronson R, Cao XL, Dabeka RW. Dietary 
exposure of Canadians to perfluorinated carboxylates and perfluorooctane sulfonate via 
consumption of meat, fish, fast foods, and food items prepared in their packaging. J Agric Food 
Chem. 2007; 55(8):3203–10. [PubMed: 17381114] 
27. Prevention, H. a. H. S. C. f. D. C. a. Fourth National Report on Human Exposure to Environmental 
Chemicals. 2009. 
28. Lin CY, Lin LY, Wen TW, Lien GW, Chien KL, Hsu SH, Liao CC, Sung FC, Chen PC, Su TC. 
Association between levels of serum perfluorooctane sulfate and carotid artery intima-media 
thickness in adolescents and young adults. Int J Cardiol. 2013; 168(4):3309–16. [PubMed: 
23664439] 
29. Aguirre GA, De Ita JR, de la Garza RG, Castilla-Cortazar I. Insulin-like growth factor-1 deficiency 
and metabolic syndrome. J Transl Med. 2016; 14:3. [PubMed: 26733412] 
30. Carlzon D, Svensson J, Petzold M, Karlsson MK, Ljunggren O, Tivesten A, Mellstrom D, Ohlsson 
C. Both low and high serum IGF-1 levels associate with increased risk of cardiovascular events in 
elderly men. J Clin Endocrinol Metab. 2014; 99(11):E2308–16. [PubMed: 25057875] 
31. Juster RP, McEwen BS, Lupien SJ. Allostatic load biomarkers of chronic stress and impact on 
health and cognition. Neurosci Biobehav Rev. 2010; 35(1):2–16. [PubMed: 19822172] 
32. Dedert EA, Becker ME, Fuemmeler BF, Braxton LE, Calhoun PS, Beckham JC. Childhood 
traumatic stress and obesity in women: the intervening effects of PTSD and MDD. J Trauma 
Stress. 2010; 23(6):785–63. [PubMed: 21171140] 
33. Farr OM, Ko BJ, Joung KE, Zaichenko L, Usher N, Tsoukas M, Thakkar B, Davis CR, Crowell JA, 
Mantzoros CS. Posttraumatic stress disorder, alone or additively with early life adversity, is 
Trasande et al. Page 12













associated with obesity and cardiometabolic risk. Nutr Metab Cardiovasc Dis. 2015; 25(5):479–88. 
[PubMed: 25770759] 
34. Miller-Archie SA, Jordan HT, Ruff RR, Chamany S, Cone JE, Brackbill RM, Kong J, Ortega F, 
Stellman SD. Posttraumatic stress disorder and new-onset diabetes among adult survivors of the 
World Trade Center disaster. Prev Med. 2014; 66:34–8. [PubMed: 24879890] 
35. Olsen GW, Burris JM, Ehresman DJ, Froehlich JW, Seacat AM, Butenhoff JL, Zobel LR. Half-Life 
of Serum Elimination of Perfluorooctanesulfonate, Perfluorohexanesulfonate, and 
Perfluorooctanoate in Retired Fluorochemical Production Workers. Environ Health Perspect. 2007; 
115(9)
36. Agency, U. S. E. P. Long-Chain Perfluorinated Chemicals Action Plan. EPA; 2009. 
37. Ma WL, Gao C, Bell EM, Druschel CM, Caggana M, Aldous KM, Louis GM, Kannan K. Analysis 
of polychlorinated biphenyls and organochlorine pesticides in archived dried blood spots and its 
application to track temporal trends of environmental chemicals in newborns. Environ Res. 2014; 
133:204–10. [PubMed: 24968082] 
38. Kim SK, Kannan K. Perfluorinated acids in air, rain, snow, surface runoff, and lakes: relative 
importance of pathways to contamination of urban lakes. Environ Sci Technol. 2007; 41(24):8328–
34. [PubMed: 18200859] 
39. Lederman SA, Jones RL, Caldwell KL, Rauh V, Sheets SE, Tang D, Viswanathan S, Becker M, 
Stein JL, Wang RY, Perera FP. Relation between cord blood mercury levels and early child 
development in a World Trade Center cohort. Environ Health Perspect. 2008; 116(8):1085–91. 
[PubMed: 18709170] 
40. Herbstman JB, Sjodin A, Kurzon M, Lederman SA, Jones RS, Rauh V, Needham LL, Tang D, 
Niedzwiecki M, Wang RY, Perera F. Prenatal exposure to PBDEs and neurodevelopment. Environ 
Health Perspect. 2010; 118(5):712–9. [PubMed: 20056561] 
41. Ulutas OK, Cok I, Darendeliler F, Aydin B, Coban A, Henkelmann B, Schramm KW. Blood levels 
of polychlorinated biphenlys and organochlorinated pesticides in women from Istanbul, Turkey. 
Environ Monit Assess. 2015; 187(3):132. [PubMed: 25701473] 
42. Wong TW, Wong AH, Nelson EA, Qiu H, Ku SY. Levels of PCDDs, PCDFs, and dioxin-like PCBs 
in human milk among Hong Kong mothers. Sci Total Environ. 2013; 463–464:1230–8.
43. Horii Y, Jiang Q, Hanari N, Lam PK, Yamashita N, Jansing R, Aldous KM, Mauer MP, Eadon GA, 
Kannan K. Polychlorinated dibenzo-p-dioxins, dibenzofurans, biphenyls, and naphthalenes in 
plasma of workers deployed at the World Trade Center after the collapse. Environ Sci Technol. 
2010; 44(13):5188–94. [PubMed: 20455569] 
44. Holtcamp W. Pregnancy-induced hypertension “probably linked” to PFOA contamination. Environ 
Health Perspect. 2012; 120(2):a59. [PubMed: 22297277] 
45. Whitworth KW, Haug LS, Baird DD, Becher G, Hoppin JA, Skjaerven R, Thomsen C, Eggesbo M, 
Travlos G, Wilson R, Cupul-Uicab LA, Brantsaeter AL, Longnecker MP. Perfluorinated 
compounds in relation to birth weight in the Norwegian Mother and Child Cohort Study. Am J 
Epidemiol. 2012; 175(12):1209–16. [PubMed: 22517810] 
46. Andersen CS, Fei C, Gamborg M, Nohr EA, Sorensen TI, Olsen J. Prenatal exposures to 
perfluorinated chemicals and anthropometric measures in infancy. Am J Epidemiol. 2010; 172(11):
1230–7. [PubMed: 20940176] 
Trasande et al. Page 13














• Perfluoroalkyl substances (PFASs) were released during the World Trade 
Center disaster
• PFAS levels were analyzed in serum of exposed youth and in a comparison 
group
• PFAS levels were higher in exposed participants
• Studies are needed to assess possible health consequences related to these 
exposures
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A. Boxplots of Perfluoroalkyl Substances (PFASs, log units) in Serum of Children 
Exposed to World Trade Center Dust. Legend: otherexposure: traumatic exposures not 
related to the WTC disaster; noWTCHR: matched comparison group; WTCenroll: WTC 
Health Registry group. B. Boxplots of Perfluoroalkyl Substances (PFASs, log units) in 
Serum of Children Exposed to World Trade Center Dust (Exposure to Dust Cloud and 
Home Dust). Legend: noWTCHR: matched comparison group; WTCenroll: WTC Health 
Registry group
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Appendix Figure 1. 
Recruitment Flowchart for WTCHR Participants.
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Appendix Figure 2. 
Recruitment Flowchart for Matched Comparisons.
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Comparison n=185 WTCHR n=123 p value
Sex
Male 74 (40%) 69 (56.1%)
Female 111 (60%) 54 (44.9%)
Date of birth
9/11/93–9/10/95 35 (18.9%) 34 (27.6%)
9/11/95–9/10/98 73 (39.5%) 52 (42.3%) 0.07
9/11/98–9/10/01 77 (41.6%) 37 (30.1%)
Income < $25,000* 42 (22.7%) 19 (15.4%) 0.17
Race/Ethnicity****
Non-Hispanic White, % 72 (38.9%) 42 (34.4%)
Non-Hispanic Black, % 17 (9.2%) 13 (10.7%)
Non-Hispanic Asian, % 37 (20%) 30 (24.6%) 0.04
Non-Hispanic Other, % 6 (3.2%) 13 (10.7%)
Hispanic 53 (28.6%) 24 (19.7%)
Exposures***
Dust cloud exposure (%) 1 (0.5) 47 (43.9) <0.0001
Home dust exposure (%) 15 (8.1) 69 (57) <0.0001
Traumatic exposure (%) 80 (43.2) 109 (88.6) <0.0001
Serum PFASs, ng/mL Median (IQR)
PFHxS (n<LOD= 0 %) 0.53 (0.47) 0.67 (0.69) <0.0001
PFOS (n<LOD= 0 %) 2.78 (2.18) 3.72 (2.82) <0.0001
PFOA (n<LOD= 0 %) 1.39 (0.75) 1.81 (0.90) <0.0001
PFNA (n<LOD= 0.3 %) 0.49 (0.33) 0.61 (0.36) <0.0001
PFDA (n<LOD= 25 %) 0.11 (0.15) 0.14 (0.12) <0.0001
PFUnDA (n<LOD= 47 %) 0.04 (0.16) 0.12 (0.21) 0.007
Calories,** Median (IQR) 1537.39 (1014.41) 1708.75 (1317.49) 0.008
Body Mass Index Category
Normal/Underweight 137 (74.1) 98 (79.7) 0.387
Obese 20 (16.3) 8 (4.3)
Overweight 28 (15.1) 17 (13.8)
*
n=38 missing for comparison; n=27 missing for WTCHR
**
n=2 missing for caloric intake
***
n=18 missing for dust cloud exposure; n=2 missing for home dust exposure
****
n=1 missing for race/ethnicity
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Appendix Table 1
Comparison of world trade center health registry (WTCHR) participants to other eligible individuals who did 
not take part in the WTCHR
WTCHR Study (n=123) Nonparticipants (n=816) p value
Male, % 56.1% 50.4% 0.28
Date of Birth
9/11/93-9/10/95 27.6 % 34.7 % 0.08
9/11/95-9/10/98 42.3% 43.9%
9/11/98-9/10/01 30.1% 21.4%
Income < $25,000 ** 19.8% 40.2% 0.0002
Race/Ethnicity*** 0.053
Non-Hispanic White 34.4% 46.6%
Non-Hispanic Black 10.7% 5.8%
Asian 24.6% 22.4%
Other 10.7% 7.4%
Hispanic or Latino 19.7% 18.0%
**
income missing for n=27 participants and 102 nonparticipants
***
race/ethnicity missing for n=1 participants
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Appendix Table 2
Pearson Correlation Coefficients of Exposure Variables
Home Dust Dust Cloud Traumatic Exposure
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